Abstract--Phosphate in the form of organic compounds can be bound in soils containing the aluminosilicate allophane. A significant part of this phosphorus is believed to be present as nucleic acids. The interaction of yeast RNA with allophane was studied to further the understanding of the allophane/orgardc macro molecule interaction as well as the binding of organic phosphorus by allophanic soils. The extent of RNA adsorption on the allophane was dependent upon the pH, the charge and concentration of simple cations, the concentration of RNA, and the time of interaction. From a mixture containing 145 mg/liter RNA and 2.9 g/liter allophane in 10 -2 M NaC1, the amount of RNA adsorbed increased from 6% at pH l0 to 98% at pH 3. The adsorption also increased as the concentration of added NaC1 was increased from 10 4 M to l0 1 M, but only when the pH was greater than 5, i.e., above the isoelectric point of the clay. Mg 2+ and Ca z+ were equally much more effective at promoting adsorption than Na + at the same concentrations. There was no difference in the effectiveness of SO42-, CI-, or NOa at pH 5 or higher. The adsorption isotherm at pH 7 can be described by the Langmuir equation; the apparent adsorption maximum was 38 mg/g. Van der Waals and simple electrostatic forces appear to dominate the interaction leading to the adsorption of RNA by allophane.
INTRODUCTION
The amorphous, aluminosilicate allophane is commonly the predominant clay material found in soils developed from recent deposits of volcanic ash. Although allophane exerts profound influences upon the structure and chemistry of these soils, studies of its own chemistry have concentrated on its composition and structure, its physical properties, and its interactions with only a few selected materials, notably inorganic phosphate. Comparatively little is known of the interactions of allophane with many of the other materials with which it comes into contact in the soil or those which it would encounter if it were used as an agent for water treatment, an application for which it shows promise. These materials include soluble organic substances of high molecular weight and low isoelectric point (IEP) such as those derived from the degradation and decay of plant and animal tissues or those found in the wastewaters of food-processing industries. In general, the adsorption of substances of this nature by common clay minerals, such as montmorillonite and kaolinite, is promoted by decreasing pH and increasing electrolyte concentration in the solution phase and also by the adsorption of multivalent cations by the mineral, i.e., by increasing positive surface charge (Greenland, 1965; Swartzen-Allen and Matijevir, 1974) .
A number of organic materials bind readily and firmly to allophane, e.g., allophanic topsoils are typically dark-colored from the accumulation of humic substances and other organic matter (Gradwell and Birrell, 1954; Wada and Harward, 1974) . This is due, in part, to the decrease in the activity of humus-degrading en- zymes in the presence of allophane Kobayashi, 1964, 1966) and to the affinity that humic materials display for this clay (Wada and Inoue, 1967; Inoue and Wada, 1968) . Because the concentration of an indifferent electrolyte, sodium chloride, had no influence upon the adsorption of humic materials onto allophane, it was proposed that humus carboxyl groups were incorporated into the coordination sphere of aluminum at the clay surface, i.e., that the organic matter was specifically adsorbed. The mode of interaction of proteins with allophane has not been thoroughly established although they bind to a greater extent as the solution pH approaches the IEP of the protein (Milestone, 1971) . Proteins are also thought to bind to both cationic and anionic adsorption sites at the mineral surface Kobayashi, 1964, 1966) . However, a combination of Van der Waals forces and the development of net positive charge at pH below 6 was considered to be responsible for the strong affinity of allophane for two viruses (organic colloids of low IEP) (Taylor et al., 1979) , i.e., it was a colloid-colloid type of interaction.
Nucleic acids are relatively well characterized, soluble macromolecular materials of low IEP. They are representative of the organic phosphates that make up a significant proportion of the total pool of phosphorus in the plow layers of soils (Black, 1968) . Their adsorption behavior has been found to be typical of acidic, organic matter in that it is controlled predominantly by pH (Goring and Bartholomew, 1952; Flaig et al., 1955; Greaves and Wilson, 1969) . In this manner they may represent much of the organic matter found in soils or in some wastewaters.
The purpose of this study was to determine the factors that influence the ability of allophane to adsorb an acidic organic material of moderately high molecular weight from aqueous solution. Particular interest was
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focused upon pH as, in the absence of extensive specific adsorption, pH dominates the surface charge of the mineral and thus is an important parameter in the interaction of allophane with other charged materials.
MATERIALS AND METHODS

Allophane
The allophanic clay studied was taken from the C horizon (60-80 cm) of an Ohaupo silt loam, Ohaupo, New Zealand (site reference NZMS 1 N65/769341). The clay-size fraction, <2 tzm, was extracted by dispersion in dilute sodium carbonate at pH 9 followed by differential centrifugation. Organic matter was removed by treating the clay with hot, 2% hydrogen peroxide. The clay was then concentrated by centrifugation at 8000 g and resuspended in twice-distilled water, The pH of the suspension was adjusted to 5.5 with dilute HC1 to induce coagulation and the clay again concentrated by centrifugation. This process was repeated until the concentration of sodium in a 5% weight-per-volume suspension was less than 10 -4 M. These suspensions were further diluted with twice-distilled water to give the stock material used for the adsorption experiments. Suspension concentrations were deteremined by drying aliquots to constant weight at 105~ Material prepared in the above manner, but freeze-dried, was found to have a total surface area of 250 mZ/g (measured by adsorption of nitrogen at 77.4~ X-ray powder diffraction and electron microscopy studies showed a trace (< 10%) of halloysite: the remainder of the material was assumed to be allophane.
RNA
Yeast RNA. from British Drug Houses Ltd.. Poole. England, was dissolved in twice-distilled water at room temperature. The solutions were freed of bacteria and undissolved solid by filtration through sterile 0.2-/xm Millipore filters into sterile glass vessels. They were then stored at 4~ until needed. Fresh solutions were prepared daily.
Adsorption experiments
Aliquots of stock clay suspension were placed m polyethylene centrifuge tubes to which suitable amounts of electrolyte were added, if necessary. The pH was adjusted with dilute HC! or NaOH. the final volume was made up with distilled water, and the tubes were closed and agitated by end-over-end rotation at 6 rpm for several hours to stabilize pH. A suitable aliquot of RNA solution was then added, and agitation at room temperature was recommenced. After 24 hr. or as required, the pH of the mixtures was determined. and the clay with adsorbed RNA was sedimented by centrifugation at 8000 g for 10 min followed, if necessary, by centrifugation at 20.000 g for a further 20 rain. The absorbance of the supernatant was recorded at 320 and 258.5 nm. Samples were diluted with twice-distilled water if the absorbance exceeded 1.0: below this value the Beer-Lambert law held for RNA s, olutions. Although the absorbance varied with pH. the variation within the range pH 3 to 9 was less than 2% and was not corrected for: outside this range the solutions were diluted with phosphate buffer which returned the pH to neutrality.
In stable suspensions of allophane, such,as those found at low or high pH where there is little coagulation, some of the clay was of such a small particle size that it remained in suspension during both centrifugations. This residue interfered with the spectrophotometric determination of the RNA concentration at 258.5 nm. The absorbance spectra of a stable suspension of aUophane, after centrifugation as described above, and of a solution of RNA were determined (Figure 1) . RNA solutions did not adsorb at 320 nm. As a RNA solution containing 10 mg/liter had an absorbtivity at 258.5 nm of 0.254. the following equation was used to obtain the nucleic acid concentration.
[RNA] = (A258.5 -1.65A320),0.0254
(1)
Adsorbed RNA was taken as the difference between the amount added and that amount found to be remaining in solution. 
RESULTS
Rate of adsorption
The initial rate of adsorption of RNA from a neutral solution by Ohaupo allophane was rapid. Within 30 min 85% of the maximum adsorption had occurred ( Figure  2 ); 95% had occurred within 2 hr, but adsorption did not appear~to approach equilibrium until at least 12 hr had elapsed. For all subsequent experiments a period of 24 hr was allowed for the reaction. This rate is comparable, although a little slower, to that reported for nucleic acid adsorption by montmorillonite (Greaves and Wilson, 1969) .
pH and electrolyte effects
The interaction of RNA with allophane was highly dependent upon pH and proceeded more readily if the solutions were acidic (Figure 3a) . The change was continuous, and the adsorption curve was sigmoidal. The actual amount adsorbed increased with electrolyte (sodium chloride) concentration above pH 5.
The pH dependence of the distribution of a substance between the dissolved and adsorbed states may also be presented by plotting the variation of the logarithm of the distribution coefficient, log D, where D is defined by proportion substance adsorbed D = proportion substance in solution
For the interaction of RNA with allophane a linear relationshi p betWeen log D and pH became evident ( Figure 3b ) for both concentrations of sodium chloride. The least squares regression lines were calculated and found to intersect near pH 5; i.e., at pH greater than 5, RNA adsorption increased with sodium chloride concentration, but at pH 5 the salt concentration had no influence. The nature of the anion of the electrolyte, whether chloride, nitrate, or sulphate, made no difference to the adsorption from 10 -2 M solutions of the sodium salt (Figure 4) . However, there was a large difference in the influences of mono-and divalent cations, sodium and calcium, when they were added to give the same initial concentration (Figure 4) . The enhancement of adsorption by the divalent cation was even more pronounced when the effect of electrolyte concentration at constant pH was measured, This effect was measured with various nominal concentrations of the chlorides of sodium, magnesium, and calcium at pH 7 and pH 9 ( Figure 5 ). (All solutions were at least 2 • 10 -4 M in sodium because the RNA was obtained as the sodium salt.)There appears to be no significant difference in the effect of either calcium or magnesium; both were able to enhance greatly the adsorption of RNA by allophane and were effective at one hundredth the concentration of sodium required for the same result. 
Effect of RNA concentration
The isotherm for RNA adsorption on allophane at constant pH and at low electrolyte concentration showed typical Langmuir characteristics (Figure 6a ), i.e., the amount of RNA adsorbed increased with the equilibrium solution concentration towards a maximum value. The Langmuir adsorption equation used to describe reversible adsorption to form a monolayer may take the form
where C~ is the equilibrium solution concentration of the adsorbate, X is the amount of adsorbate taken up per unit mass of adsorbent, Xma x is the maximum amount of adsorbate that may be bound, and ct is a constant related to the rates of the adsorption and desorption reactions. When Ce/X was plotted against Ce for RNA adsorption, a linear relationship was found indicating that the adsorption can be adequately described by the Langmuir equation (Eq. 3) (Figure 6b ). The least squares regression line (regression coeffficient r = 0.99) gave saturation at pH 7 as 38 mg/g. This is about 40 times greater than the amount of RNA bound by alumina under similar conditions (Upadhyay and Chattoraj, 1968) , but considerably less than that adsorbed by montmorillonite (Greaves and Wilson, 1969) .
DISCUSSION
A number of observations of the interaction of RNA with allophane can be made from the results of this study:
(1) Adsorption occurred over a wide pH range; the amount of adsorption increased steadily with decreasing pH.
(2) The amount of RNA adsorbed increased with the concentration of indifferent electrolyte (sodium chloride) above pH 5. It also increased steadily with the concentration of divalent cations; these were much more effective at promoting adsorption than were monovalent cations.
(3) No significant difference was observed in the adsorption from solutions containing either monovalent or divalent anions.
(4) The adsorption isotherm at pH 7.0 obeyed the Langmuir equation.
The major conclusion of these observations is that the ionic composition of the solution phase, i.e., the pH and the nature and concentration of the electrolyte, dominates the interaction.
Allophane is believed to consist of an aluminosilicate core, of about 50,~ diameter, coated to a variable extent with amorphous aluminum hydroxide (de Villiers et al., 1967; Cloos et al., 1969; Henmi and Wada, 1976) . The clay surface has hydroxyl and hydronium groups associated with the polymeric hydroxide and the aluminosilicate which, by their protonation and deprotonation, are responsible for the pH-dependent particle charge developed in aqueous systems (Fey and Le Roux, 1976) . This pH-dependent charge is displayed not only by the cation and anion exchange capacities (Fieldes and Schofield, 1960) but also by the electrophoretic properties (Horikawa, 1975) . The variation with pH of the electrophoretic mobility of a different preparation of Ohaupo allophane is shown in Figure 7 . The clay used for the electrophoresis experiment had been resuspended only in distilled water following dispersion and centrifugation. As no acid was added, only relatively free anions and cations were washed from the clay; very little of the native divalent cationic material or surface aluminum would have been displaced, and so this sample had a higher IEP than that used for the RNA interaction experiments. The allophane actually used for the RNA adsorption studies had an IEP, estimated from its coagulation behavior, of 5.6 (Taylor, 1977) .
At pH below its IEP, allophane bears a net positive charge and has a positive electrophoretic mobility. RNA, as a consequence of the acidic nature of its groups which have a pKa of about 0.7 to 1.0 (Bloomfield et al., 1974) , has alow IEP. In the systems studied here the nucleic acid would have had a net negative charge, although the magnitude of this charge would be expected to vary with pH. Thus for those systems in which the pH was below the allophane 1EP, i.e., 5.6, the two interactants would have had opposite electric charges. The attractive coulombic forces these induced would have encouraged adsorption. With decreasing pH the positive charge on the clay particle is enhanced by further protonation; this in turn would have increased adsorption. (As the pH approaches 3, the solubility of RNA rapidly decreases. This may also con- tribute to an enhanced tendency to adsorb to suitable substrates at low pH.)
Above pH 5.6 both the allophane and the nucleic acid would bear net negative charges. For adsorption to occur under these conditions there must be a relatively strong attractive force to which Van der Waals interactions would make a significant contribution. In addition, there may be a high specific adsorption potential arising from the formation of bonds with a high degree of covalent nature between the nucleic acid and the clay surface. Such bonds would be similar to those suggested by Gordon and Kleinschmidt (1970) for the interaction of DNA with aluminum-treated mica or for humic material adsorption by allophane (Inoue and Wada, 1971) . Generally, specific interactions of ionic species are influenced by the concentrations of indifferent electrolytes such as sodium chloride. If the nucleic acid was bound primarily by adsorption of anionic groups into the Stern layer of the clay, the layer close to the surface in which specifically adsorbed ions are presumed to reside, it should compete with other anions for adsorption sites. Under these circumstances an increase in the electrolyte concentration would bring about less anion adsorption. Such an effect has been reported for the adsorption of the relatively small acidic compound pentachlorophenol on allophane (Choi and Aomine, 1974) . However, in this study it was found that an increase in the concentration of the indifferent electrolyte was accompanied by greater adsorption of RNA, and so it is likely that the sodium chloride concentration influenced the interaction between allophane and RNA in some other manner.
As allophane is a composite material with both a high IEP component (alumium hydroxide) and a low IEP component (aluminosilicate), at pH above the net particle IEP there will still be regions of the surface with positive charge even though the net particle charge is negative. Coulombic attraction between these regions of the surface and the dissolved RNA, coupled with the attractive Van der Waals forces, Would lead to extensive adsorption. Increasing the concentration of sodium chloride in the suspending medium has strong effects on the surface electrochemistry of allophane, as displayed, for example, by both electrophoretic mobility ( Figure 7 ) and colloid coagulation. At higher salt concentrations, the net particle charge, and hence the electrophoretic mobility of the clay, is reduced by greater adsorption of the surface charge counter-ion (Na + at pH above the IEP and CI-below) within the shear plane at the surface. (A similar reduction of apparent surface charge occurs simultaneously with the nucleic acid.) Above the allophane IEP a reduction in the repulsive coulombic forces between the negatively charged surfaces of the clay particles and other similarly charged colloids (including molecules of nucleic acid) takes place, which would encourage adsorption. At the IEP the concentration of sodium chloride has no influence on the net particle charge (which is, of course, zero). Consequently, adsorption of charged colloids is also independent ofthe concentration of sodium chloride. Below the allophane IEP the net particle charge becomes tess positive with increasing electrolyte concentration, and coulombic attraction and adsorption of negatively charged RNA would also be reduced, a situation suggested by extrapolation of Figure 3b . Thus, RNA behaves like a colloid, rather than a simple ion, on adsorption by allophane.
The preferential adsorption of divalent cations over monovalent cations on allophane has been well documented (e.g., Birrell, 1961; Harada and Wada, 1973) . This behavior is analogous to that observed with hydrous oxides for which a major;result is a general reduction in the negative component of the net particle charge and an increase in the apparent IEP (Huang and Stumm, 1973) . As this adsorptionincreases the positive component of the net particle charge on the clay, i~ brings about a strongercoulombic attraction for anionic colloids. Furthermore, coulombic repulsion between negative charges on the clay and the polymer would be further reduced by association of the divalent cations with the anionic phosphate groups of the acid. Such charge shielding also allows the RNAto adopt a more compact conformation which has a reduced solubility in water. Although the concentration of RNA did not exceed its solubility in the presence of the electrolytes (Bacher and Allen, 1950) , and no precipitation was observed, the reduced solubility in the presence of calcium or magnesium may have contributed to the tendency of the nucleic acid to become adsorbed.
The maximum surface area that can be totally covered by a close-packed layer of RNA molecules, assuming they lie on the surface as cylinders of diameter 18 /~ [the thickness of a layer of RNA adsorbed on montmorillonite (Greaves and Wilson, 1969) ], is -500 m2/g. Based on this value the apparent maximum surface concentration on allophane at pH 7.0 corresponds to a surface coverage of 19 m2/g. The surface area of this allophane, after freeze-drying, was 250 m2/g when determined by nitrogen adsorption. This discrepancy may stem from changes in the morphology of allophane on drying (Fieldes and Claridge, 1975) . Alternatively, the apparently low coverage may be due to the fact that allophane is a porous material and a significant proportion of its total surface area is "internal" surface (Gradwell and Birrell, 1954; Fieldes and Claridge, 1975) . This internal surface may be accessible to small molecules but~nOt to larger ones, such as nucleic acids, which are unable to penetrate the narrow pores and interstices between the aluminosilicate particles. In addition, for the adsorption of ionic materials on hydrous oxides and allophanei the apparent Langmuir maximum surface concentration, Xmax, is pH dependent. For example, Xmax decreases with increasing pH for anion adsorption on goethite (Bowden et al., 1973) ; while for the adsorption of strontium on allophane, Xma x increases logarithmically with pH (Taylor, 1977) . Thus, with decreasing pH allophane should display an increasing apparent maximum capacity for RNA.
The ability of allophane to remove acidic organic materials of high molecular weight from aqueous solution has implications in two fields. In allophanic soil the adsorption of such materials may bring about fixation of potential nutrients. In the case of organic phosphates this will be a further contribution to the removal of phosphate from the biological cycle and to the phoSphate fixation problems that allophanic soils experience. (The pool of available phosphorus in allophanic soils is' already small as a consequence of the ability of allophane to bind and fix inorganic phosphate.) The second field of interest is the treatment of aqueous Wastes containing this type of dissolved organic matter. Treatment with suspensions of allophanic clays or permeation through filters containing allophane would bring about a significant reduction in their ability to pollute:their receiving waters
